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Abstract: Effects of welding parameters on fracture behaviors of refill friction stir spot welding
(RFSSW) welds are investigated. RFSSW is used to weld LY12 aluminum alloys with different
thicknesses by changing the sleeve plunge depth. The fracture mechanisms of the welds are
investigated from the aspects of material flow, atomic diffusion and softening, and are verified by
the cross section, microstructure and hardness of the weld. Results show that the crack
propagates along the interface of lap weld with lower joining strength and forms a shear fracture
mode when the plunge depth is smaller than the thickness of upper plate, the hook defect is flat
and thicknesses of bonding ligament in the weld are almost the same, and the crack is more easily
to propagate along the withdrawing path with shorter atom diffusion time and results in the
shear-plug fracture. When the sleeve penetrates into the lower plate thickness of 15% , the hook

defect bends upwards and the crack defect appears at the sleeve withdrawing path. When the
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sleeve further plunges into the lower plate thickness of 35% and the hook defects present along a

downward bending direction, the crack grows downwards along the withdrawing path of sleeve.

When the crack reaches the bottom of lower plate, the plug fracture of RESSW weld completed.

These results show that the fracture morphologies are in agreement with analytical results of the

fracture features.

Keywords: refill friction stir spot welding; fracture behavior; aluminum alloy; plunge depth

VB Ay A5 0L 1) — AN B 43 3 R R AL
A TR S 0 TAR RO L s i g iz i T
TR R R AN A s R L AR S BRI A AT
1224 7 37 3k R B A e 4 T A W 4 0 A i 48 O
R A HE SR EA R I, R SR
Sk W BT Oy AR LT LI TR AT R AR
JEREL 7T 4 Sk PP B Bk S AR oA
7

[o] 35 = 3 BE 48 55 48 (refill friction stir spot
welding, RESSW) J& ph 45 $ 58 48 5L & Jie i o i) —
Foft 0 760 [0 A % #E 4% R) . RESSW AT 38 4 iy 3 #0H0
PR 3 5 MR (FSSW) 1 B AY Rk FL R B B ) W Y
RHRT RN, B RFSSW & B & 4, 5 42 3 1
R Y. B A4S SRS m kAT TR
W52, Suhuddin % A %F AA5754 Fil AZ31 45
A4 RESSW o B2 E A7 7 #4 e 0 38 3 56 . 48
PR X I W (R i 450 'C1 L IR i E 46 AR BIF 5
GER B LAZIL A 4SS 5A06 A SRR
FUm BT T &)@ LAY . Zhao F AT T
7B04-T74 544 1) RESSW X5 , 5 1 hook 5[ .41
BRZ A B 5 R S5 i 2 Sk MR R A SRR R

RESSW 7 5 £z 3 1) Wiy 24 45 2 3= 224 45 59 1) Wy
4 05 Y- FERIM 5L 5 FERU W L 3 FP AL, Tier 58 A
55 Shen 2 A R4 43 RESSW 4223k (1 7 244 20 4h , 18
Xof HC T S S0 BEAT T REARBRSE 0, SR L B H AT
1B R T 22500 RESSW 422 3k Wy 2L ML B i1 4R &
Meb, P AL LY 12 454 4 i, % RESSW
P UEAT TR B R G  OF AN LR EE IR A,
ST AR F R IR BE A RESSW 322 3 fr 7 24 48 28 J%
LB . ARSCEBFR T FIRA T it RESSW {9 15 5241
B ot e AR T LA B L

1 5
B4 h T ELA R BE R ANE R L b b
O 2 PR T 15 5 T80 028 0 o 2 O 258 458K ) Ak 2 45 g

PEANCHLSE S AR 2z W . LY12 B
J& TR g HA AR5 BT GA F 475 MPa. & —Fl

http: / www. jdxb. cn  http: //zkxb. xjtu. edu. cn

EERNSRMGE T ZMHRES 4. Hit,
AR E AR R LY1I2 8864, HF, PR
RS2 318 140 mmX 60 mm X 1.5 mm 5 140 mm
X 60 mm X2 mm, 5 HEE AR D 48T B 5 H
PR 25 I b 75 AR A BT . R B AN R LSS RPS
100 SK10, #8250 43 B9 ) 5F 28 50 mm X 60 mm, £
M THEEXE SRS, kR ER EHS
PFEEE A i, B/ N AR 54N R AT 4000k
5.2 mm Fl 9 mm, JE IR W IMEJE 14. 5 mm; if £
FHAE/NTERNRE. HIE R 5 mm, 4 AH 3
Hk AT RESSW e /i o e s HC 7 99V B 1Y d o
FARESBURE A N LB B R AR SC Y BiF 5T A hE
BOMER B NHLIRE. TR AT LI E X
RESSW $i7 57 2 3k W7 24 B 3 (19 5% i, A% SCAE K 42 3
B, B/ MR E A L 4 mm. 1. 8 mm 5 2.2
o, A 2 B4 4 [u] 2T A R) R d R Sk 00 e B TR )
k2.5 s F11 800 r/min.,

K e B 4 A ERE FH 2 U 0T AR S o T
1M1 5 283 W0 AR T 40 6 55 20 B 1) oL i) i 4 7
G ARJE Pl RSS2 Olympus-GX71 B 6% B U5
Xof A e A AR TR A R S S AT . IR A
PRS2 RG4300 L7 Ag il e #L b iE 47 57
Y1 AR B5 , $7 0 3 B 4 5 mm/min, $i7 i 50 45
WG - FERLS Sk ZSA403 (IR B 1 Be T W8 3 3k
i W7 28057 5 O 49 4 L 7 2 Al BE (K'Y KTY-2800B)
WL H W B3

2 gt R

7k RESSW i 72 69 F LB Be . 2 1 1 L 2l il
FR e R B S BT AT AR R R EE B L AR
P PRl 5 1 Sk A L B9 R R Ak T A A B v AR O
BN IR s BEE B AT FLANBEFE AT B [T 4k B4 8
PEBERE T 32 BB R A R 3 A s s B e
A 2 JE R A ]S B S 1 R B R ROk
(4912 B 77 1) e i 1o XM 26 1 3 2l o i b R SR
H Y g AR . LY12 RS R
SEUECE T BB A e RO R A — R )R (Al




124 [ |

AD DUSE UG B 4 384 8 o B AR 3 . A T LA (]
SRR BE L LG )R 23 B A BE Sk 10 BE 5% A B 2k as Bl T
5Bt AR BB R A . B [ XA R S R A
[l fy T el AL B BRI R Y LY12 M 2E80K .
DRI 0 02 AE AN () X B0 2 A Xk T RESSW 4536 19
Wi LA ) A7 TS e [R]EE XT UTUE B A Y
LY12 §75 45 G R Ul - A4 22 Iy vy il 2 e 22 2 2R AN [
FEBE B . 25 25 R AR R AR AR B, AR S T R
PR B T BLCS AR O B R S5 T T X A R
T A S BB B Y 5 W) AT 20 A T P 3 A )
ZERE T A T ML

B 1 s AR T IR BE i RESSW 4 3k W7 ¢
JE B BEAATE S . 3 o3 A R A B D) IR SRR /Y
LU AR R T R 45 4 0 0 AL 402 T s B U)-
FER MR 2N 1Y ZREEEAR L 4 BT [ i AR T
FERI W R UT  BEARGBvE  R B BRI T
FLAH [ 4t g% A5 20 Tt S e AR LAY 1 R SR

2 mm

() BT YIWT 2L (1. 4 mm) (b) By Y] ZEAVKT L (1. 8 mm)

(o) ZERIWIZL (2. 2 mm)
Bl 1 3F NHIRE T RFSSW 2k (1) 7 2498 5t

2.1 BT HEKXHE S

B2 2 FHLIREE g 1.4 mm B 48 A5 09 8 A 1 B
S S SR X ) S A 25 T 3 U2 BT Ta TR Y AR AT
BT R R R I . B 2 S MUN 5 O 235
FEFUH A BEES 3 SJ2 0. 3 mm,0. 2 mm 45 0. 15 mm
(FIBHMENEED .,

£ RESSW i 72 v, $iit 3 X 9 2R I Ak 119 44
JEE R KT P25 LB ELM R B S B A AR
R P A R ZN R 3 3 4 I B 25 P &h B G b SR &
AR B XA A L B2 5 Sk 0 v i 8
75 2 JE Bl A R 3k 3, L300 3 3 i 3] 95 Sk B
RGN o YRSk 0 R LR EE N T B AR
JE N 4 e B T R ST 0 O B0 R AR N AR T 0,
— B, AR I Bk 2 R R L A7 ) 1 I AR 5 AR
SRR, R T B AR AR AR I AR A A1/

http: / www. jdxb. cn  http: // zkxb. xjtu. edu. cn

(b) 414
B2 FHLRE Y 14 mm IR R RO S R A

ZE e
hook By

RIS CY SRR TR o

TR AR i1 PO T LA ST PSR T N <
2 B 1 ) 9 o o /N IR B T A A SRR
By ) 73

L L DY UT W RO L BE 1 S I e AL 2
F R R AT YR A R & T A AR TR R RO
PRk s MORE 2 B ARG T 7 BB 5 2008 50 BE 2 00 4% hin
WA /N LTV O 04 PR I S A5 B BB R I
TG A P9 18] it o T A 22 AR i Ak 9 8] Bt B A 5 ot
hook G [ 7 AL By LI 22—, 4n I 2a Fros . T4%
HF M EEA FOR B MRS LA L [H 1L hook
e 1425 ot R g B R D o EL Bl A R A AN TR X
SR P JE2 B AR AR ]

ke 32 5 D)7 A 484 1L T 2R B S e
hook BB Y I3 (P 3 sl Ao £ 42 5t 1l i N 119
BB KA T T BT RO R 4
Y SR By B IR T RE B X GRBY 5
B Bk E SR R R B YR, R
itk — L E k1 Co B i 0 58 B A BT DT BT 2R
2.2 BY-EREREXNESNT

HERK FHLEE N 1.8 mm W, hook Bk F 7]
A B ARS Cl AT BRI 4 R . S
Tl - FERMT R B R . Sk R Z 5T Y)




5 8 1

B T A T PR X [ SR P P 48 s R Sk W AT S 1 R ) 125

P 2 ey I L T RGBS % B AL A
T BY U -JE R U 8 1o At v o A5 00 1 D 28 B A AT 1
25— M & [l il AR 7 i L 55 — My e oy B Ao
(45 °CIr e P & (WA 1b) . X % 5 hook BB
IR i Ay QBT X UL R A B (A, IR BT SR AR
R R EAE T 5 2 S 0LA K. TS &
i [T ik 5 A2 1) W 2R MIL ) E AT 234

Cz ﬁ ﬁ %/‘/WW
PNt
hook

5 Ay y-ZE RN RN E R

Xf T RESSW e i3t AR 4f 07 & 19 A [a] , 35 4 X A]
4 E G VE H X (sleeve affected zone, SAZ) 5t
FEEFVE T IX (pin affected zone, PAZ) ., 7EME 4513 2
o TR LR E R T B ARJE L H I, SAZ X 4
Fe ST P AL 40 R AR T AL MR B B E
s ZURE FEAE T AT R R 2 R AR W s I S
LY12 G&iRa . AREME Al 5 LY12 &K
AR YHC KRG BT A RS2 B Sk
AR B sh RN . 5 LY 12 & & RS 1F
FHAS TR+ DR s A v 1] 308 4 ) ) T2 B8 65 K 5 1 25 A
1 DR B0 JEE B /0N » 8 28 1 AN i 2 1 1 L (L
K4 A BT R 2l Al S LY12 & 4 Z 8 & 4
JE T e Y B, A N AR R 32 B AT Y
BEZ i N b R SAZ X, e SAZ
X 5 #HL 52 M X (thermo-mechanically affected
zone, TMAZ) [a] {1y 5 10 4b % A AL T [ AH & Bl AR
(it AR . 7E SAZ XA [R] X 8k A= 1 J5t 47 JO8OR
N L5 ) % 42 5 R, HE T B2 e L B0 BT R O )
XTI HOR UG R ) ) 5 R R 3 A
WE. hTHEENRE R REBE K, TN SAZ
DX (1 3l A R A . P S ep i BY 3 BRI A4 41 R
A 32 B 45 Sk A 6] T O M ELEAE L TR By 2 T
SAZ 5 TMAZ X F i » 597 BOM 56 09 1k ) H fig
kAR ARG B R . Bk, 4 B 08 B Y b
Bz 2R K. 58 B, M, & B, Tig &7

http: / www. jdxb. cn  http: // zkxb. xjtu. edu. cn

LB B i 2 1 Ry B 3 ) R AR TR L B
Bt . B S8 BY RE S MBRE TR
TP BROR 4 R HRe U 5 B, ¥R

T8 B, 5 C i T SAZ 5 TMAZ X %
THT 5 L 42b 5% ) Ji7 - 9 800 He g A JE AR A [ T AR
By, T Co W F . Co ALY IR T B st (] 4, [
W E A B E S . T SAZ X ORI
R o Ul DX TE AR 1 v A R ek e AR RN g Rt
A 55 X 0K 25 5 AR B . AR SO
L 7E SAZ 5 TMAZ X 5t i B 5T 1 b 2 1 Y
X (L Co B B A T R8s ik 6 iR, 27
LRSS A, WA B, PR YR LY R
2 C, B, 3R 04 B D) ZE 7 I 24 5 R A5 R

6 ¥ T 42 5 T 17 0 A ) 2 S0k

2.3 ERWAEXNESH

B 7 2R LB R 2. 2 mm B R A5 04 A T
T 500 K 100 X 3 ) S R 4L P 8 RN 1 BT aR )
KRR JE RN AR R R . &9 R AL ) G
TR 32 gl e, L b R B A BRSOl 0.9
mm , BV 8 55 KR FLIR B E R B k0. 2 mm,

B 7 TS0, R Sk i T LR E AR (2.2
mm) B}, hook ## & [n] T 25 iy, B 2R 62 T F 4z 5
2 S5 A s g i B B OR TR . hook i B 1)
2l 71 G AR AL G AD P R H RS T
PR, [ TR R T AR L EAh E
AT [ 4§ 8 A% X 38R s 9 555 1X 3, S B S84 A 19 O
Bl 1o) . JEH 5 8 b)- 2 B 24 A 18] . R 1l % 4 200
MCAS R R R T4

BB LT MMt Ry SAZ 5 TMAZ [a] (%) L1
DX 35, 0 DX 3 [ 3 5 R v R kA R i T
Ar— % B AR (R LR B N /N T A B A Y
TMAZ 8¢ SAZ, #i C;.Cy 5 C i T2 bl 4k X
BT, B G T B MIE T . #£ RE-
SSW i N HLB B A5 1 T 4L 2 e KW B e, v
T T 7 B JE] B DK 3 0 B R IR 23 7 AR O )RR O O
B, B8 FioR B Cy A T2 14 b 1 ob ) A9 47 & L




126 (LRI

549 B

Ca) St i B AR TR

S0pum 100 pm

(s R4H (C; KHAA

(D KAL
B 7 TR N 2.2 mm R AR R S 2 A

AAAAAAAAAAA

VWV vvvvévvvvvvv

:’((

el
b
.
B

8 MR ZERIM AR B

1551
150
145F
1409
135
130
125} o
120f cy
115
110
105 1 1 1 1 1 1 1 1 1 1
—10—-8—-6—4-—-2 0 2 4 6 8 10
BE B /mm

9 ML AU B RERE oA AL

Hv

Cs

FERH 8l BE B 5y R AR B AS PRES i 7 RN Y
AR (& 7h) s i G AR W0 32 45 67 19 1 ) 0 4 A i &
AR, I I XA S T TMAZ X (WL 700 s
C's Ab iy B RE R 32 BRI B T R A4 L AR Y
FHE WX (& 7)), B, C5 B KT A C 5K
C'y Aib o T fe/INBE B2 A HH BRAE U5 Gy 5 CTy BRI (UL
9. MRWY R LB B RGBT X
S T BT [l e AR T % OE R J7 (R Co) B, 258

http: / www. jdxb. cn

http: // zkxb. xjtu. edu. cn

ML AL 1A R R E 4 0 AR Y S
By Ab e of gt — A 1) B AR S G MY R,
DL G 2 i R B R M A 2 T N 5 i 2E Y
Wiy 24

3 WrIES ahr

10 287 DI R0 A C AR I 3.
M A 2 X RO BN IR B R H
BA—EMT7mE. b TR/ T IREMA TS
(9 D3 B B 170 by 58488 50T 45 4 T Ak 199 3 4
SR LRSS TR W& 10 R B8 TE 5. B i 7
T P4 2 A B YT A4 3 s v B AR 1 AR Xz B
E

KYKY-2800BSEM  SN:1063

10 351w A =T R I O 3R

B 7] 7 YW SRR 30T L Y A3 A B R S An
11 s . WAl DU Y i 3 RS0 37
A 0008 10 SR TR S T /)« 3K L5 8 T D55 4 i
T BAERAX. Ay 5 B, [ X H T8 755
A4 B 7 BB T RS i 9 o 4 . DA I 2 B
iﬁ?gﬁff“ﬁjtﬂﬁﬁlﬁ *HXT? Ay, ib B, kb Es

(a)Az 5 Bz ]Eﬂ%%ﬁuﬂ%%ﬁ (b)Bz ﬂ\ﬂfﬁ“jﬂ%%ﬂ

(C, AW OB
PTT o )-8 B W 2R BT R SR




5 8 1

B T A T PR X [ SR P P 48 s R Sk W AT S 1 R ) 127

AR/IN HBR BEAR ¥ 5 Co Ab FR T S 1500 B I 65 5
S LB B A DR T AR A

P 12 R ZE R BT By a5 A BT A4 W7 12
SR, B 12 A0 By s B Ay R
hook BRRf Y 2 3, PR 1L 52 B JE IR AS B U (% 2 1R 25
¥, TCHIES AEAE 5 BE A B 48 3 1 BE S 0 L B
W, BECGE B A 2 R IR, B 7c AT L
F il AT TMAZ B 05 C, &b i T2 5 T i 1 A A
FENUBAR FEAE T NS 5T kL . Btz
Ab TSR R S Cy Ab i A7 B EE IR I 1T K AR
WAk, B Cs kb8 es o /> HIR BERR .

(a)B; AW 150 (b C; Ah I 50
B 12 R 24T A W I SR

4 %

ASCIHR T RESSW 3% 3k 1% Wi 2L ), F) A
AL 2, 5 R 5 T 0O 0 4 1 06 2 SR R AT
Ui 5 B 0E s I DLR FLEREE N R A L BE ST T AN ]
TALIRE X RESSW 42 3 1By R4 30 K AL B 19 22 i
EILL T 458 .

(DHER T AL E /D T L ARUE JE I RESSW
e 1 W 2 500 Y DY I 5 b AR 1 A i i T
52555 1A S BV P i R B B 1) T S TN 0 R
O BT E R YR

(2) M AT M H hook i J 19 2% % 7 T
A REOE By i B AU R T YR TMAZ 5
SAZ X 8] 4 5T ) b AR b SRR L RS ]2 A
Wr%d s 24 hook Bkt [ 2R A T F AR H SAZ X F 5 #1
BHE AR B BRI Ra s v TMAZ 5 SAZ X
[EER T I TR ST 0 A T L TR

S 2Lk

[1] YUAN W, MISHRA R S, CARLSON B, et al. Ma-
terial flow and microstructural evolution during friction
stir spot welding of AZ31 magnesium alloy [J]. Mate-
rials Science and Engineering: A, 2012, 543 200-

209.

http: / www. jdxb. cn

(2]

[3]

(4]

(5]

[6]

7]

(8]

(9]

[10]

http: // zkxb. xjtu. edu. cn

HAN B, HUANG Y X, LU S X, et al. AA7075 bit
for repairing AA2219 keyhole by filling friction stir
welding [J]. Materials and Design, 2013, 51: 25-33.

ZHAO Y Q. LIU H J, LIN Z, et al. Microstructures
and mechanical properties of friction spot welded Al-
clad 7B04-T74 aluminum alloy [J]. Science and Tech-
nology of Welding and Joining, 2014, 19(7). 617-
622.

HIGE e Moprlt, SKARAE. 45, 4R A 4 [ o b e
B AR A R I Re b L], IR, 2013, 34
(6): 73-76.

SHEN Zhikang, YANG Xingqi, ZHANG Zhaohua, et
al. Analysis of microstructure and mechanical proper-
ties of refill friction stir spot welded aluminum alloy
[J]. Transactions of the China Welding Institution,
2013, 34(6) . 73-76.

SUHUDDIN U F H, FISCHER V., DOS SANTOS ]
F. The thermal cycle during the dissimilar friction spot
welding of aluminum and magnesium alloy [J]. Scripta
Materialia, 2013, 68(1): 87-90.

TRuhE, $5ETIE, B RN, 5. AZ31 BEA 4 /5A06 47
&R TR L1 IRl 2014, 44
(4). 14-17.

QIAO Ruwang, JIANG Shufei, MIAO Yugang, et al.
Processing property of magnesium/aluminum dissimi-
lar metals for refill friction spot welding [J]. Electric
Welding Machine, 2014, 44(4). 14-17.

ZHAO Y Q, LIU H J, CHEN S X, et al. Effects of
sleeve plunge depth on microstructures and mechanical
properties of friction spot welded alclad 7B04-T74 alu-
minum alloy [J]. Materials and Design, 2014, 62 40-
46.

TIER M D, ROSENDO T S, DOS SANTOS J F, et
al. The influence of refill FSSW parameters on the mi-
crostructure and shear strength of 5042 aluminum
welds [J]. Journal of Materials Processing Technolo-
gy, 2013, 213(6): 995-1005.

SHEN Z K. YANG X Q. ZHANG Z H, et al. Micro-
structure and failure mechanisms of refill friction stir
spot welded 7075-T6 aluminum alloy joints [J]. Mate-
rials and Design, 2013, 44. 476-486.

JI SD, MENG X C, LIU J G, et al. Formation and
mechanical properties of stationary shoulder friction
stir welded 6005A-T6 aluminum alloy [J]. Materials
and Design, 2014, 62. 113-117.

(il 14




